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Staging Gallium-68 DOTATATE PET/CT Imaging in Neuroendocrine Tumors:
Relationship between Measured SUVmax of the Primary Tumor and the Pathological
Grade and Ki-67 Proliferation Index

ABSTRACT

Objective: To determine whether the maximum standardized uptake value SUVmax of the primary lesion
measured via Ga-68 DOTATATE PET/CT imaging can be used to predict histological grade and Ki-67 proliferation
index in treatment-naive neuroendocrine tumors (NETS).

Material and Method: A total of 57 patients diagnosed with NET who underwent Ga-68 DOTATATE PET/CT
between January 2021and April 2024 were retrospectively evaluated. Patient data including age, histopathology,
primary tumor localization, tumor size, Ki-67 proliferation index, histological grade, and SUVmax values from the
same tumor were recorded. Histological grades 2 and 3 were pooled into a single group (grade 2&3).

Results: The mean age was 49.44 + 17.20 years. The most common biopsy locations were the liver (28.07%),
stomach (21.05%), and pancreas (19.30%). Median Ki-67 proliferation index was 5 (interquartile range: 2-8).
Grade 1tumors were present in 19 patients (33.33%), grade 2 tumors in 35 patients (61.40%), and grade 3 tumors
in 3 patients (5.26%). The SUVmax values were positively correlated with tumor size and Ki-67 proliferation index,
and Ki-67 proliferation index was positively correlated with tumor size and mitotic count. Patients with grade
2&3 tumors had significantly higher SUVmax values and were older compared to those with grade 1 tumors.
For predicting grade 2&3 tumors, the SUVmax value had an area under the ROC curve value of 0.669 (95% Cl:
0.526-0.811, p=0.039), which yielded an overall accuracy of 64.91%, with 57.89% sensitivity, 78.95% specificity,
84.62% positive predictive value, and 48.39% negative predictive value, at a cut-off value of >12.5.

Conclusion: Initial Ga-68 DOTATATE PET/CT imaging in NETs demonstrated that the SUVmax value of the primary
lesion is positively correlated with Ki-67 proliferation index. A maximum standardized uptake value threshold of
>12.5 g/ml was shown to distinguish grade 2&3 tumors at an early stage with high positive predictive value.
Keywords: DOTATATE, NETs, PET, Ga-68, SUVmax.

OZET

Amagc: Noroendokrin timorlerde (NET) tedavi Oncesi Ga-68 DOTATATE PET/BT goéruntilemede primer
lezyon maximum standartlastiriimis alim degerinin SUVmax histolojik derece ve Ki-67 proliferasyon indeksini
ongdrmedeki rollini belirlemektir.

Gere¢ ve Yontem: Ocak 2021-Nisan 2024 tarihleri arasinda Ga-68 DOTATATE PET/BT gorintllemesi yapilmis
57 noéroendokrin tim&r tanili hasta retrospektif degderlendirildi. Hastalarin yas, histopatoloji, primer tUmor
lokalizasyonlari, tUmor boyutlari, Ki-67 proliferasyon indeksleri, histolojik dereceleri ve timor SUVmax degerleri
kayit edildi. Histolojik derece 2 ve 3 grup bir arada gruplandi (derece 2&3).

Bulgular: Yas ortalamasi 49,44 + 17,20 idi. En sik biyopsi lokasyonlari karaciger (%28,07), mide (%21,05) ve
pankreas (%19,30) idi. Ortalama Ki-67 proliferasyon indeksi 5 idi (ceyrekler acikhdi: 2 - 8). 19 hastada (% 33,33)
derece 1, 35 hastada derece 2 (% 61,40) ve 3 hastada derece 3 timor (%5,26) vardi. Tumérlerin SUVmax degerleri,
timor boyutlari ve Ki-67 proliferasyon indeksleri ile, Ki-67 proliferasyon indeksleri de timor boyutlari ve mitoz
sayllari ile pozitif korele idi. Derece 2&3 timorlU hastalar daha ileri yash olup timér SUVmax degerleri derece
1 timorlere gére anlamli olarak daha yuksekti. ROC analizinde SUVmax degeri >12,5 esiginin derece 2&3 hasta
grubunu %57,89 duyarlilik, %78,95 6zgullik, % 64,91dogruluk, % 84,62 pozitif 5ngdri dederi ve % 48,39 negatif
ongorl degeri ile ayirt edebildigi gosterildi (EAA: 0,669, 95% Cl: 0,526-0,811, p=0,039).

Sonug: Noroendokrin tiimorlerde inisyal Ga-68 DOTATATE PET/BT’de primer timore ait SUVmax degerinin Ki-
67 proliferasyon indeksleri ile pozitif korele oldugu ve 12,5 g/ml esik dederinin Uzerinde olmasinin derece 2&3
hastalari erken dénemde yiksek pozitif 5ngéri degeri ile ayirt edebildigi gdsterildi.

Anahtar So6zciikler: DOTATATE, Ga-68, NET, SUVmax, PET.
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Introduction

Neuroendocrine tumors (NETs) are rare malignant
neoplasms originating from neuroendocrine cells in
various organs, which often express somatostatin
receptors (SSTRs) on their surfaces (1). Their
primary origin is the gastrointestinal tract (two-
thirds) and pancreas, with 25% emerging from the
bronchopulmonary tract, and rarely from other
locations (2).

NETs are diagnosed pathologically and are
classified into histological grades based on mitotic
counts and Ki-67 proliferation index (PI). According
to the 5th edition of the World Health Organization
classification and grading criteria for digestive and
thoracic NETSs, patients are classified as low grade
(grade 1), intermediate grade (grade 2), and high
grade (grade 3) (3). For digestive NETSs, patients with
<2 mitoses/2 mm? or a Ki-67 Pl of <3% are classified
as grade 1, those with 2-20 mitoses/2 mm? or Ki-67
Pl 3-20% as grade 2, and those with >20 mitoses/2
mm? or Ki-67 Pl >20% as grade 3 (3). For thoracic
NETSs, patients with <2 mitoses/2 mm? are classified
as grade 1; those with 2-10 mitoses/2 mm? as grade
2; and those with >10 mitoses/2 mm? and/or Ki-67
Pl >30% as grade 3 (4,5).

It is well-established that NETs exhibit varying
degrees of invasive biological behavior based on
histological grade, which makes accurate grading
and Ki-67 PI measurement critical for prognostication
and management (6). These features are typically
determined through post-surgical histopathological
examination or invasive biopsy, and therefore, non-
invasive methods that can aid in the early prediction
of these characteristics can be highly beneficial.
Approximately 90% of NETs overexpress SSTRs on
the cell membrane, making these receptors a key
target for NET imaging and therapy (7). Positron
emission tomography / computed tomography (PET/
CT) with Gallium-68 (Ga-68)-labeled somatostatin
analogs enables visualization of NETs by binding
to SSTR subtypes 2 and 5 (8). Approved for use
by the Food and Drug Administration in 2016, Ga-
68 DOTATATE specifically binds to overexpressed
SSTRs and is widely used in the initial staging of
NETSs, localization of primary tumors, preoperative
staging, and patient selection for peptide receptor
radionuclide therapy (9).

The most commonly used semi-quantitative
parameter in PET imaging is the maximum
standardized uptake value (SUVmax), which provides
a numerical value allowing the assessment of
tumoral radiopharmaceutical retention and tumor-
to-background activity ratio, alongside qualitative
visual data (10).

Our aim was to investigate whether the primary-
lesion SUVmax value obtained from Ga-68 DOTATATE
PET/CT could predict the histological grade and/or
the Ki-67 Pl of treatment naive NETSs.

Material and Method

Patient Selection and Preparation

Patients who underwent Ga-68 DOTATATE PET/
CT imaging in our nuclear medicine unit between
January 2021and April 2024 with a diagnosis of NET
were retrospectively evaluated. Inclusion criteria
were having a histopathological diagnosis of NET,
a time interval of less than T month between biopsy
and Ga-68 DOTATATE PET/CT imaging, not having
received prior treatment or surgery, and absence
of additional malignancy diagnoses. Patients were
excluded if they lacked a definitive histopathological
diagnosis, had a biopsy-to-imaging interval greater
than 1 month, had undergone surgery or received
treatment, or had concurrent malignancies.
This study was approved by the Ethics Committee
of Basaksehir Cam ve Sakura City Hospital (Date:
July 2024; Approval number: E-96317027-514.10-
248465455). All diagnostic and therapeutic procedures
were conducted in compliance with local national
guidelines and the principles of the Declaration of
Helsinki (1964) and its later amendments.

Ga-68 DOTATATE PET/CTimaging Image Acquisition

Prior to PET/CT imaging, patients were informed
about the procedure both orally and in written form.
The Ga-68 DOTATATE injection was performed (120-
200 MBq) (80ug peptide per 14 mci), followed by a
resting period of around 45-60 minutes. The patients
were directed to assume a supine position for the
imaging process and acquisition was performed
from the vertex to the mid-thigh (Philips Ingenuity
TF 64 PET/CT; Philips Medical Systems, OH, USA).
Non-contrast CT obtained with low dosage exposure
was used for attenuation correction, with 4-mm
slice thickness and employing 113 mAS and 120 kV
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settings. After completion of the CT, a 4-minutes-
per-bed PET image acquisition was carried out.
Reconstruction of images was performed with an
iterative method that generated cross-sectional
images on coronal and sagittal planes, as well as
3-dimensional projections.

Image Analysis

Ga-68 DOTATATE PET/CT images were analyzed
by two experienced nuclear medicine specialists. In
cases of disagreement, a consensus was reached
through detailed discussion. SUVmax values were
recorded by drawing a volume of interest around
the primary lesion.

Table I. Summary of variables

Vural Topuz O, Bliyiktalanci E.

cells stained with Ki-67 to the total tumor cells in
the selected area was defined as Ki-67 PI (11).

Table Il. Correlations between variables

Tumor size (cm) Ki-67 (%) Mitosis

r 0.326 0.368 0.107
SUVmax

p 0.013 0.005 0.426

r 0.407 0.126
Tumor size (cm)

p 0.002 0.348

r 0.488
Ki-67 (%)

Io} <0.001
r: Spearman correlation coefficient

Mitotic counts were assessed on H&E
(Hematoxylin-Eosin) stained slides and slides stained

immunohistochemically with PHH3. Counts were
Age 49.44 +17.20 5
o performed over at least 10 mm?, and the number
H 2
e 25 (43.86%) pf mitoses p.er 2 m.m was _recordeq as.stan(.ja.rd
—— 22 (56.14%) in tumor regions with the highest mitotic activity
Location (corresponding to 10 high-power fields at 400X
Lung 5 (8.77%) magnification).
Gastric 12 (21.05%)
Pancreas 11 (19.30%) Table lll. Summary of variables with regard to grade
Liver 16 (28.07%) Grade
Small bowel 4 (7.02%) Grade 1(n=19) | Grade 2&3 (n=38) | Test statistic p
Colon 5(8.77%) Student’s
Age 4179 £18.0 53.26 +15.60 ttest,t=- | 0.016
Rectum 4 (7.02%) 2.48]
SUVmax 10.5 (4.9 - 31.0) Sex
Tumor size (cm) 3.0(1.7-5.9) Male 9 (47.37%) 16 (42.11%) Chi-square
test, 0.925
Ki-67 (%) 502-8) Female 10 (52.63%) 22 (57.89%) X2=0.009
Grade Location
Grade1 19 (33.33%) Lung 1(5.26%) 4 (10.53%)
Grade 2 35 (61.40%) Gastric 6 (31.58%) 6 (15.79%)
Grade 3 3(5.26%) Pancreas 3(15.79%) 8 (21.05%) Fisher-
Mitosis 1(0-3) Liver 5 (26.32%) 11(28.95%) Hzrﬁg?fe”st 0.908
Descriptive statistics are presented using mean + standard deviation Small bowel 1(5.26%) 3(7.89%) Exact:2.56é
for normally distributed continuous variables, median (25th percentile -
75th percentile) for non-normally distributed continuous variables and Colon 2(10.53%) 3(7.89%)
frequency (percentage) for categorical variables. Rectum 1(5.26%) 3(7.89%)
MWU test,
Pathology -SrUVmax. 6.1(4.2-12.3) | 16.55(5.9 - 38.2) MU\;/ff?'Ot 0.039
. . . . . . umor size est,
Histopathological diagnoses, Ki-67 Pl,and mitotic | «m) 25010-50) | 375(17-60) | o590 | 0216
counts were assessed using pathology slides. For |ki-67 ) 150-2) 7(5-10) T}Q’gotgsot <0.001
Ki-67 PI,immunohistochemical staining was applied MWU tost
. . Mitosis 1(0-1) 1(1-5) U=2005 | 0-005
to the slides and 500-2000 neoplastic cells were =200,

evaluated at 400X magnification. Cells showing
nuclear staining in the hotspot areas (regions with
the most intense staining) were considered regardless
of staining intensity. The percentage ratio of tumor

Descriptive statistics are presented using mean * standard deviation
for normally distributed continuous variables, median (25th percentile -
75th percentile) for non-normally distributed continuous variables and
frequency (percentage) for categorical variables.

MWU: Mann Whitney U. Statistically significant p values are shown in
bold.
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Table IV. Performance of SUVmax to predict grade 2&3 tumors,
ROC curve analysis

Cut-off >12.5

Sensitivity 57.89%

Specificity 78.95%

Accuracy 64.91%

PPV 84.62%

NPV 48.39%

AUC (95% CI) 0.669 (0.526 - 0.811)

p 0.039

ROC: Receiver operating characteristic, PPV: Positive predictive value,
NPV: Negative predictive value, AUC: Area under ROC curve, Cl:
Confidence interval

In cases of discordance between mitotic count
and Ki-67 PI, the higher value was preferred (12).
Grade 2 and grade 3 tumors were combined into a
single group designated as the ‘grade 2&3’ group
due to the presence of only three patients with grade
3 tumor -since it would have been inappropriate to
perform statistical analysis for a group with only
three samples.

Table V. Association between variables and grade 2&3 tumors,
multivariable logistic regression analysis

coeff?cient St:?riarrd P Exp(B) | 95% Cl for Exp(8)
Age 0055 | 0023 | 0.017 | 1056 [ 1010 [ 1104
S| 1895 | 0769 | 0.014 | 6654 | 1473 | 30051
Mitosis | 0388 | 0191 | 0.042 [ 1474 [ 104 | 2143
Constant | -3.340 1.290 0.010 | 0.035

Nagelkerke R?=0.433, Cl: Confidence interval, Statistically significant p

values are shown in bold.

Statistical Analysis

A p-value of less than 0.05 was deemed indicative
of statistical significance, and all tests were two-tailed.
Data analyses were conducted using SPSS version
25.0 (IBM, Armonk, NY, USA). Continuous variables
were assessed for normality using histograms and
Q-Q plots. Descriptive data were expressed as
mean * standard deviation for normally distributed
variables, median (interquartile range) for those not
normally distributed, and frequency (percentage)
for categorical data. The Student’s t-test was used
to compare age, which was a normally distributed
continuous variable. The Mann-Whitney U test was
used for the comparisons of SUVmax, tumor size, Ki-
67 and mitosis, which were non-normally distributed

5
X3

&

continuous variables. Sex (categorical variable)
was analyzed with the chi-square test and location
(categorical variable) was analyzed with the Fisher-
Freeman-Halton test due to the fact that some cells
in the confusion matrix had expected counts less
than five. Correlations between continuous variables
(SUVmax, tumor size, Ki-67 and mitosis) were
examined using Spearman’s correlation coefficient
due to non-normal distribution. Significant factors
associated with grade 2&3 tumors were identified
through multivariable logistic regression analysis.
The initial model included variables found to be
statistically significant in univariable analyses.

Figure I. Box-plot of the SUVmax with regard to grade

o p=0.039
120

100 o

SUVmax
3

o

: —

Grade 1

Grade 283
Grade

Results

We included 57 patients with NET (25 males and
32 females) into the study, mean age was 49.44
+17.20. The most common biopsy locations were
the liver (28.07%), stomach (gastric; 21.05%) and
pancreas (19.30%). Nineteen (33.33%) patients were
grade 1, thirty-five (61.40%) patients were grade 2,
and three (5.26%) patients were grade 3. Median
Ki-67 Pl was 5 (interquartile range 2 - 8) (Table I).

Figure Il. ROC curve of the SUVmax value in the prediction
of grade 2&3 tumors

ROC Curve

Sensitivity

AUC: 0.669, 95% Cl: 0.526 - 0.811, p=0.039

00 02 04 06 08 10

1 - Specificity

HM] Il



Relationship Between SUVmax and Ki-67

SUVmax was positively correlated with tumor size
(Spearman correlation coefficient, r=0.326, p=0.013)
and Ki-67 (Spearman correlation coefficient, r=0.368,
p=0.005). Ki-67 was positively correlated with the
tumor size (Spearman correlation coefficient, r=0.407,
p=0.002) and it was also correlated with mitosis as
anticipated (Spearman correlation coefficient, r=0.488,
0<0.007). There were no significant relationships
between SUVmax and mitosis, and between tumor
size and mitosis (Table II).

Figure Ill. Baseline 68Ga-DOTATATE PET/CT images of a
patient with grade 2&3 neuroendocrine tumor in the small
intestine with a maximum standard uptake (SUVmax) value
of 31.5 g/ml (greater than the >12.5 g/ml threshold). Primary
tumor (arrow) on axial fused image (a), axial CT images (b),
maximum intensity projection (MIP) image (c) and coronal
fused image (d).

Relationship Between SUVmax and Grade

Age (Student’s t test, t=-2.481, p=0.016), SUVmax
(Mann Whitney U test, U=239.0, p=0.039) and mitosis
(Mann Whitney U test, U=200.5, p=0.005) values
were significantly higher in grade 2&3 tumors than
in grade Ttumors (Figure I). We found no significant
differences between grade 1and grade 2&3 tumors

Vural Topuz O, Bliyiktalanci E.

in terms of sex, location, and tumor size (Table IlI).

SUVmax had significance in discriminating between
grade 1 and grade 2&3 tumors with an area under
ROC curve of 0.669 (95% Cl: 0.526 - 0.811, p=0.039)
(Figure ). With an optimal cut-off value of 12.5 (higher
values predict grade 2&3 tumors), SUVmax had an
overall accuracy of 64.91%, with 57.89% sensitivity,
78.95% specificity, 84.62% positive predictive value,
and 48.39% negative predictive value (Table V).
Logistic regression with a multivariable model adjusted
by age (p=0.017) showed that grade 2&3 tumors
were independently associated with having a high
SUVmax (>12.5) (OR: 6.654, 95% Cl: 1.473 - 30.051,
p=0.014) and high mitosis value (OR: 1.474, 95% Cl:
1.014 - 2143, p=0.042) (Table V). A representative
imaging result is provided in Figure lll.

Discussion

In NETs, early and accurate determination of
prognostic features such as histological grade and
Ki-67 Plis crucial for surgical planning, which is one
of the most important treatment steps, as well as
other management decisions, the application of
correct treatments, and to predict prognosis (13,14).
In this study, we concluded that there is a positive
correlation between primary lesion SUVmax value
and tumor size, and Ki-67 Pl in early staging Ga-68
DOTATATE PET/CT imaging in NETSs. In fact, SUVmax
values of >12.5 appear to predict grade 2&3 tumors
with a high positive predictive value (84.62%).
Although the sensitivity and specificity are not
very high, we think that these findings may have
clinical relevance for the purpose of distinguishing
grade 2&3 NETs with non-invasive imaging in the
preoperative period - particularly considering the
paucity of evidence on this subject.

Prior studies evaluating the relationship between
the SUVmax value (obtained from Ga-68 labeled
somatostatin analogues PET/CT) and histopathological
findings in NETs evaluate the results based on
pathological findings of the lesion with the highest
SUVmax value and any biopsied lesion. Unlike our
study, this approach carries the risk of ignoring the
heterogeneous distribution of the disease (15,16).
It has been shown that the lesion with the highest
SUVmax value may be pathologically dissimilar to
the biopsied lesion. Furthermore, the heterogeneity
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of primary and metastatic lesions may be different,
and it is also possible that even metastatic lesions
located in the same organ (liver) in the same patient
may have different histologic grades (17). Chan et
al., in their study of lesion SUVmax values obtained
from Ga-68 DOTATOC imaging and the pathology
results of the same NET lesions, reported an inverse
correlation between Ki-67 Pl and SUVmax. They
stated that this may be due to the lack of correlation
between tumor size and SSTRs uptake in their
patient population (18). Although the methodology
was similar to ours, we report positive correlations
between lesion SUVmax, tumor size and Ki-67 Pl
values, and we believe that the difference may be
attributed to patient characteristics and the types
of compounds used during imaging. Nonetheless,
these results necessitate the investigation of how the
SUVmax-tumor size relationship might be associated
with the correlations between SUVmax and Ki-67.
Although NETs generally show high SSTRs
expression similar to the neuroendocrine cells
from which they originate (since they are well-
differentiated tumors), it is also known that SSTR
expression declines in poorly differentiated tumors
(19). Similarly, a decrease in Ga-68 DOTATATE
uptake and lower SUVmax values are expected in
poorly-differentiated neuroendocrine carcinomas
with Ki-67 PI values of >55% due to loss of SSTR
expression (9). In a study in which the majority of
the patient population (84.6%) consisted of patients
with strongly-positive Ki-67 PI values, a negative
correlation was reported between Ki-67 Pl and Ga-
68 DOTATATE SUVmax values (20). There are other
studies in the literature reporting that SUVmax value
is lower in higher grade patients with high Ki-67 Pl
compared to those with low grade tumors (16,21).
The reason for the positive correlation between Ki-
67 Pl and SUVmax in our patient population might
be associated with the generally low Ki-67 Pl values
detected in the cohort -with a 75% percentile value
of 8%. This again demonstrates the heterogeneity of
the disease and warrants further studies with larger
patient groups.
Tumor histological grade can traditionally be
determined by percutaneous core biopsies or surgical
excision from the most easily and safely accessible
region of the lesion (19). There may be differences

in histopathological findings depending on the
site of biopsy, which can be explained by tumor
heterogeneity, and therefore it is possible to obtain
different histologic grades from biopsy material
acquired from different regions of the lesion (19). In
our study, a SUVmax value of >12.5 g/ml obtained
from the tumor was found to be relatively capable
in predicting grade 2&3 lesions with a high positive
predictive value. This supports the literature on this
topic by revealing that molecular imaging with Ga-68
DOTATATE PET/CT can benefit the characterization
of lesions that are observed throughout the body
(22,23). Being able to differentiate grade 2&3 and
grade Tlesions non-invasively in the early period may
facilitate better planning of personalized treatments
(13), which could improve outcomes.

The limitations of the study are that it was single
centered, retrospective in design, consisted of a small
number of patients, and there were considerably
fewer grade 3 patients compared to other groups
(5.26%). Another limitation is that other volumetric
parameters that can be obtained from these lesions
(such as MTV and TLG) were not examined in the
Ga-68 DOTATATE PET/CT imaging of individuals.

Conclusion

Our study demonstrated that a SUVmax threshold
value of >12.5 g/ml obtained non-invasively from
the initial Ga-68 DOTATATE PET/CT study of the
primary lesion in patients with NETs can distinguish
grade 2&3 patients from grade 1 patients with a
high positive predictive value and a respectable
specificity. We also found that SUVmax value was
positively correlated with Ki-67 PI, another important
prognostic marker of the disease.
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